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Innexins are invertebrate-specific gap junction proteins with four transmembrane helices. These proteins
oligomerize to constitute intercellular channels that allow for the passage of small signaling molecules
associated with neural and muscular electrical activity. In contrast to the large number of structural and
functional studies of connexin gap junction channels, few structural studies of recombinant innexin channels
are reported. Here we show the three-dimensional structure of two-dimensionally crystallized Caenorhabditis
elegans innexin-6 (INX-6) gap junction channels. The N-terminal deleted INX-6 proteins are crystallized in
lipid bilayers. The three-dimensional reconstruction determined by cryo-electron crystallography reveals that
a single INX-6 gap junction channel comprises 16 subunits, a hexadecamer, in contrast to chordate connexin
channels, which comprise 12 subunits. The channel pore diameters at the cytoplasmic entrance and
extracellular gap region are larger than those of connexin26. Two bulb densities are observed in each
hemichannel, one in the pore and the other at the cytoplasmic side of the hemichannel in the channel pore
pathway. These findings imply a structural diversity of gap junction channels among multicellular organisms.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Introduction
Most multicellular organisms possess an appara-
tus for intercellular communication called a gap
junction. Gap junctions comprise a number of
assembled channels, referred to as gap junction
plaques, made up of membrane proteins with four
transmembrane helices [1]. Two gene families,
connexin and innexin, have evolved to make up
this apparatus to accomplish the fundamental, and
highly conserved, function [2]. While the evolutionary
origin of gap junction proteins remains inconclusive,
the connexin family is confined to chordate lineages
while innexins are found in non-chordates and as
divergent sequences, termed pannexins, in chor-
dates [2]. Connexins and innexins have no amino
acid sequence homology [2,3], and to date there isAuthors. Published by Elsevier Ltd. T
rg/licenses/by/4.0/).no in vivo evidence that they oligomerize together to
form functional gap junction channels.
Gap junction channels comprise two docked hemi-
channels that face each other, and this feature is
thought to be shared by both vertebrates and
invertebrates. Structures of connexin26 (Cx26) gap
junction channels have been studiedwith cryo-electron
and X-ray crystallography [4–8]. Our previous studies
revealed a plug structure formed by the N-terminal
regions of assembled connexin subunits, which may
act to gate thepore vestibule [6–10], but it remains to be
determined if the plug closure represents a physiolog-
ical state and also if this is a general feature among
connexin family members or other gap junction
channels, including invertebrate innexins [10,11].
While connexins assemble dodecameric gap
junction channels, the number of subunits involvedhis is an open access article under the CC BY license
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Fig. 1. Expression and 2D crystallization of INX-6 channels. (a) Coomassie Brilliant Blue stained gel for purified proteins
of INX-6-WT (lane1) and INX-6ΔN (lane2). (b ~ e) Negative-stain electron micrographs (b, d) and corresponding fast
Fourier transform (FFT) patterns (c, e) of INX-6-WT (b, c) and INX-6ΔN (d, e) channels reconstituted in lipid bilayers.
INX-6ΔN channels exhibited close packing and sharp FFT reflection spots, whereas the membranes of INX-6-WT
channels typically included disorders and cracks (white arrowheads), and blurred FFT patterns. The circled spot
corresponds to 21 Å resolution. Bars, 100 nm.
1228 Hexadecameric gap junction channel of C. elegans innexin-6in one innexin gap junction channel is not clear.
Previous observations of arthropod gap junction
membranes revealed a six-fold symmetry, similar to
that in connexin gap junction channels [12]. Other
reports indicate that preparations from invertebrates
generally have larger dimensions, based on sec-
tioned electron micrographs [13–15]. Analysis of
negatively stained images of a three-dimensional
(3D) reconstruction of isolated lobster gap junction
channels suggested a six-fold rotational symmetry
[16]. This finding must be cautiously interpreted,
however, because proteins that do not have six-fold
rotational symmetry could generate a hexagonal
two-dimensional (2D) lattice. For example, MscL, a
prokaryote mechanosensitive channel protein that
was previously thought to form a hexamer based on
hexagonal 2D crystals was determined to be a
pentameric oligomer based on X-ray high-resolution
structural analysis [17,18]. Findings from cross-
linking and native gel studies suggested that rat
pannexin2, a vertebrate innexin homolog protein,
forms heptameric or octameric channels [19]. Our
recent electron microscopy (EM) study with negativestaining of Caenorhabditis elegans innexin-6 (INX-6)
channels demonstrated that oligomeric junction
channels have larger external dimensions than
Cx26 channels [20].
In the present study, we perform a 2D crystalliza-
tion of C. elegans INX-6 proteins expressed in Sf9
insect cells and purified by affinity chromatography,
and utilize cryo-electron crystallography to obtain a
3D reconstruction. The 3D structure at 10 Å resolu-
tion in a horizontal plane allows us to determine the
number of subunits comprising an innexin gap
junction channel, and provides insight into the
differences and similarities in the structure and
function between connexin and innexin channels.Results
Two-dimensional crystallizationof INX-6 channels
Among the more than 20 innexin isoforms we
screened, C. elegans INX-6 was selected for this
Fig. 2. Projection map of an INX-6ΔN 2D crystal. (a) Representative IQ plot [54] derived from a representative image of
a frozen hydrated INX-6ΔN crystal at 0°. IQ means the quality of each spot where IQ 1 has a 7: 1 signal to noise ratio and
IQ 7 is equal to the background level [54]. Resolution circles of 20 Å, 10 Å, and 7 Å are indicated. (b) Projection map of a
representative image with a space group of p1. Eight densities are clearly separated. The dotted circle represents one
channel. Bar, 50 Å.
1229Hexadecameric gap junction channel of C. elegans innexin-6study because none of the other innexins formed
stable and functional oligomers in Sf9 cells, and
were thus denatured upon solubilization. According
to our previous work [20], wild-type (WT) INX-6
channels were first purified in 0.1% octyl glucose
neopentyl glycol solution (Fig. 1a). We initially
attempted to determine the structure of the INX-6
channels using single particle analysis. Although we
acquired several 2D class averages demonstrating
5 ~ 8 peaks in a top view that could be related to the
INX-6 subunits, we were unable to precisely
determine the number of subunits because of the
ambiguity of the map (data not shown). We then
performed 2D crystallization. Among the various
phospholipids screened for 2D crystallization by
dialysis, 1,2-dipentadecanoyl-sn-glycero-3-
phosphocholine generated protein reconstituted
sheets with high frequency and reproducibility.
Nevertheless, the INX-6-WT channels did not exhibit
high crystallinity, but had many cracks and disorders
(Fig. 1b and c), preventing successful crystallo-
graphic analysis. As an alternative, we created and
reproducibly purified an N-terminal deletion mutant
with 18 deleted residues (amino acids 2 through 19;
INX-6ΔN, Fig. 1a, Fig. S1), which formed a better
ordered lattice of 2D crystals (Fig. 1d and e) than did
INX-6-WT (Fig. 1b and c). The 2D crystals of
INX-6ΔN exhibited a hexagonally packed lattice
reminiscent of arrays of gap junction channels
isolated from invertebrates, such as arthropod or
crayfish [12,16]. The crystal specimens of INX-6ΔN
were then subjected to cryo-EM after confirming the
quality by negative-stain EM.Cryo-EM for 2D crystals of INX-6ΔN channels
Cryo-EM images of untilted INX-6ΔN 2D crystals
were obtained using the carbon sandwich method
[21,22]. After image processing to correct the lattice
disorders, the reflection spots were extended to
better than 10 Å resolution (Fig. 2a). A representa-
tive projection map with p1 symmetry calculated
from one cryo-image is shown in Fig. 2b. In this map,
we observed eight peaks, demonstrating an octa-
meric feature, making it impossible to apply crystal-
lographic six-fold symmetry to this analysis. We
concluded that the subunit number in INX-6ΔN
channels differed from that in dodecameric connexin
channels. For data collection to generate the 3D
reconstruction, 2D crystals were tilted up to 45°, and
the cryo images were combined in the Fourier space.
Here, crystallographic P2 symmetry was applied
based on space group analysis performed using
ALLSPACE [23] (Table S1). The 3D structure of
INX-6ΔN was determined at 10 Å resolution in the
horizontal plane, and 14 Å resolution in the vertical
axis (Table S2, Fig. S2).
Hexadecameric gap junction channels of
INX-6ΔN
In the 3D structure, 2D crystals of INX-6ΔN were
determined to be in double lipid bilayers, similar to
gap junctions in vivo (Fig. 3a). Both hemichannels
and docked junction channels are mixed in purified
fractions [20]. Only those able to form the docked
junction during 2D crystallization would have been
Fig. 3. 3D reconstruction of INX-6ΔN 2D crystals at 10 Å resolution. (a) Side view of INX-6ΔN 2D crystals reveals fully
docked gap junction channels embedded in double lipid bilayers. Brown mesh represents the map contoured at 0.7σ. The
internal surface structure (cyan), which indicates a single gap junction channel, is contoured at 1.0σ. Grey bars correspond
to hydrophobic transmembrane regions marked with an “M”, and the yellow color shows hydrophilic regions where a “G”
indicates extracellular gap space and “C″ indicates cytoplasmic domains. For clarification, front side subunits are
eliminated. Two plugs in the pore (red arrowheads), and two cytoplasmic bobbles, named after a bobble hat (green
arrowheads). Bar, 50 Å. (b) Top view of INX-6ΔN 2D crystals. Octameric subunits in a hemichannel are clearly observed.
Red parallelogram indicates a unit cell and red ovals indicate two-fold rotational symmetry axes. The surface structure
(cyan) shows a single channel. The a- and b-axes are indicated. Bar, 50 Å.
1230 Hexadecameric gap junction channel of C. elegans innexin-6reconstituted in the lipid bilayers. In a top view of the
3D structure, eight densities corresponding to
innexin subunits in a hemichannel were clearly
observed (Fig. 3b), leading us to conclude that one
INX-6ΔN gap junction channel contains 16 subunits,
a hexadecamer. Innexin members form a different
protein family than connexins. Our finding indicates
that innexin gap junction channels, unlike connexin
channels, are composed of 16 subunits.
In the channel pore pathway, we observed four
bulb densities; two in the pore cavities, which we
called plugs (Fig. 3a, red arrowheads, Supplemental
movie 1), and two on the cytoplasmic side, which we
named cytoplasmic bobbles after a bobble hat
(Fig. 3a, green arrowheads, Supplemental movie
1). The two in the pore cavities were reminiscent of a
pore plug found in the Cx26M34A mutant structure
we reported previously [6,8,9] as they were posi-tioned at the bottom of the pore cavity (Supplemental
movie 2). The two cytoplasmic bobbles are, so far,
innexin-specific, as most cytoplasmic domains of
Cx26 and connexin43 are disordered and invisible
[5–8]. These bobbles were located at the end of the
cytoplasmic entrance to the pore vestibule. The
crystallographic analysis was performed with P2
symmetry, thus there was only a two-fold rotational
axis along the center of the pore pathway. The
opposed hemichannels in one INX-6ΔN gap junc-
tion channel were therefore independent of each
other. A simple interpretation is that the plugs and
bobbles are derived from parts of INX-6ΔN peptides
because they appear in the equivalent position
between unsymmetrized pairs of hemichannels.
To increase the signal-to-noise ratio, we applied
non-crystallographic eight-fold rotational symmetry
to the structure previously sharpened with a negative
Fig. 4. Structure of a single INX-6ΔN gap junction channel in which a negative temperature factor of B = −500 Å2 and
eight-fold non-crystallographic rotational symmetry are used. (a) Surface view structure of an INX-6ΔN gap junction
channel (salmon pink) with measured widths corresponding to transmembrane and hydrophilic regions, and channel
diameter. The extracellular gap of 60 Å and the membrane thickness of ~35 Å were estimated from the map feature
showing a discontinuous boundary and 2D class averages of our recent work [20] as a reference. The remaining
cytoplasmic protrusions are ~55 Å. For membrane boundary layer representation, the transmembrane regions are colored
in grey and indicated by an “M”, and the extra-membrane domains are in yellow, with extracellular gap regions indicated by
a “G” and cytoplasmic domains indicated by a “C″, like in Fig. 3a. (b) Cx26 X-ray structure [7] to scale. The density map at
10 Å resolution (grey) generated by UCSF Chimera [53] is superimposed on the Cx26 ribbon model (blue). The membrane
boundary layer is visualized as in (a). (c) 30 Å-thick slabs of the INX-6ΔN structure viewed perpendicular to the
membrane. The range of the slabs (1) ~ (4) is indicated by the brackets of (1) ~ (4) in (a). The pore plug is colored in
magenta, and the cytoplasmic crown is in orange. The sectioned surfaces are colored by contour value with 5 steps from
blue (low) to red (high). The pore entrance is restricted by the cytoplasmic crown with a 40 Å diameter (1), and the channel
constriction is ~30 Å in the extracellular gap region (4). The transmembrane helices around the membrane boundary are
dissociated ((2) and (3)) and the four separated features are typically observed at the extracellular side (3). (d) Plane
density slices at the middle of transmembrane region indicated by the dashed lines in (a) and (b) for INX-6ΔN (left) and
Cx26 (right), respectively. The surfaces are colored by contour value as in (c). The slice for INX-6ΔN shows clear space in
comparison with Cx26.
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1232 Hexadecameric gap junction channel of C. elegans innexin-6temperature factor of B = −500 Å2 (Fig. 4). This
operation reinforces the densities corresponding to
the transmembrane domains, making extracellular
regions and cytoplasmic crowns more rigid. Where-
as Cx26 has a tsuzumi drum-like shape narrowing
towards the middle [7], the overall structure of a
single INX-6ΔN gap junction channel is more
barrel-like. Although the resolution was not sufficient
to clarify the separation of the transmembrane
helices, the dimensions, including the membrane
boundary, were relatively well-determined. A single
junction channel of INX-6ΔN measured 240 Å along
the axis perpendicular to the membrane plane, and
115 Å in channel diameter along themembrane plane
(Fig. 4a). Our recent work using the negative stain EM
images presented the 2D class averages of INX-6
docked junction channels that show two detergent
belts approximately 35 Å in width corresponding to
the transmembrane region and an extracellular gap
space of 60 Å [20]. Given those dimensions as a
reference, the membrane boundaries in the current
3D reconstruction could be estimated as both ends of
each transmembrane domain in a subunit showed
separation of the helices (Fig. 4c-(2) and 4c-(3)),
resulting in a membrane width of ~35 Å and an
extracellular gap width of 60 Å (Fig. 4a). The large
channel size of INX-6ΔN as compared with Cx26 [7]
(Fig. 4b) is in good agreement with previous observa-
tions of isolated invertebrate gap junction channels
[12–15]. The cytoplasmic pore entrance has a ring
density that restricts the pore diameter to ~40 Å
(Fig. 4c-(1), orange). The channel pore diameter was
constricted to ~30 Å at the extracellular gap regionFig. 5. Dye transfer assay for INX-6ΔN. (a) Fluorescence ima
panels showSf9 cells that express INX-6-WT-GFP, and lower pa
are markedwith solid stars, and gap junction signals are indicate
dye transfer after injection, but no transfer was observed for INX-
channels.GFPwasusedasa negative control. For INX-6-WT-GF
For INX-6ΔN-GFP, no dye transfer was observed after 40 inj
INX-6-WT-GFP and INX-6ΔN shows dye transfer at the backg
INX-6ΔN. One set corresponds to 10 ~ 15 dye injections into S
INX-6-WT-GFP, N = 16; GFP, N = 13; INX-6ΔN-GFP, N = 4; I
error of the mean. * P b 0.01 compared with a negative control(Fig. 4c-(4)). These diameters were larger than those
of Cx26 [7]. The pore pathway was tightly sealed
around the cytoplasmic crown and extracellular
domains (Fig. 4c-(1) and 4c-(4)), presumably by
inter-subunit interactions. On the other hand, the
transmembrane domains did not appear to have tight
lateral interactions between adjacent subunits (Fig.
4d-(left)). The pore cavity surrounded by eight
subunits had an extended space compared with the
Cx26 channel [7] (Fig. 4d-(right)), which may contrib-
ute to higher permeability and conductivity of innexin
gap junction channels [20,24–26].
Dye transfer analysis of INX-6ΔN channels
To investigate the functionality of the crystallized
INX-6ΔN channels, we performed a dye transfer
assay with a microinjection system. While the
INX-6-WT-GFP channels allowed the injected dye to
pass immediately, no transfer was observed between
paired cells expressing INX-6ΔN-GFP (Fig. 5a)
decreased to the background level (Fig. 5b), indicating
that the INX-6ΔN forms an oligomeric complex with
INX-6-WT and has a dominant negative effect. These
findings suggest that the 3D structure of INX-6ΔN
represents a closed conformation.Discussion
Structural studies of gap junction channels have
long been performed using connexin channels
because of their association with higher animals,ges of GFP (left) and sulforhodamine101 (SR, right). Upper
nels show INX-6ΔN-GFP inSf9 cells. Cells injectedwith dye
d by white arrowheads. INX-6-WT-GFP exhibited immediate
6ΔN-GFP. Bars, 20 μm. (b) Dye transfer proportion of INX-6
P, 80%of dye injections resulted in intercellular dye transfer.
ections and thus no error bar is shown. Co-expression of
round level, demonstrating the dominant negative effect of
f9 cell pairs, and the numbers of trial sets were as follows,
NX-6-WT-GFP + INX-6ΔN, N = 9. Error bars are standard
(GFP).
1233Hexadecameric gap junction channel of C. elegans innexin-6including human beings. Here we report a 3D
reconstruction of C. elegans innexin channels
derived from cryo-EM images of 2D crystals. The
structure is in some parts distinct from, but partially
similar to, connexin gap junction channels. INX-6ΔN
and Cx26 are compared in Table S3.
Extensive studies of the connexin structure
[4–7,27,28] have led to widespread acceptance
that connexin gap junction channels comprise
dodecameric subunits. This led to some extrapola-
tion in the literature that innexin channels may also
contain hexameric hemichannels and dodecameric
junction channels like connexin [29–32]. On the
other hand, it has also been reported that inverte-
brate gap junction channels are larger than verte-
brate junction channels [12–15,20]. Due to limited
resolution, our previous study of purified INX-6
channels did not conclusively determine the number
of subunits included in a hemichannel [20]. In the
present study, however, we confirmed that the C.
elegans innexin channel is exclusively hexadeca-
meric, in contrast to the interpretations of studies of
gap junctions in crayfish [12] and a study of a 3D
reconstruction of gap junction channels in the
arthropod hepatopancreas [16]. This hexadecameric
form is likely a general feature of all innexin family
members given the sequence similarity shared by
invertebrates. It is curious that animals in nature
possess gap junction channels that appear similar
macroscopically, but contain no homologous pro-
teins, and thus have a different oligomeric organiza-
tion. Interestingly, pannexin2 is estimated to be an
octamer or, at least larger than a hexamer [19].
Leech innexin channels, as well as the pannexin1
channels, have large conductances [26,33]. These
insights support the extended dimensions in the
INX6ΔN structure. Care must be taken not to
generalize the octameric structure of pannexin
channels, however, as pannexin1 is suggested to
be hexameric based on cross-linking biochemistry
[34]. Pannexin members are homologous with
innexins in some of the peptide sequences, but the
whole sequence alignment does not show high
identity [35,36]. The physiological conformation of
pannexin channels could be distinct from that of
innexin gap junction channels with respect to
whether or not they form junctions [37,38] It is
possible that pannexins exhibit unique oligomeric
numbers.
At the current resolution, adjacent subunits of
INX-6ΔN appear to maintain some space between
the transmembrane regions (Fig. 4d-(left)) while the
Cx26 hexmaer is stabilized by inter-subunit interac-
tions in the transmembrane helices [7] (Fig. 4d-(right)).
Even considering the unresolved side chains, the
lipid molecules would presumably contribute to the
stability of the transmembrane domains. This pro-
posed conformation is consistent with findings from
a recent tryptophan-scanning study that demonstrat-ed loose packing of transmembrane helices [39],
and is also supported by the finding that alkali
extraction, which is generally used to prepare Cx26
gap junction membranes [40,41], was too harsh for
innexin channels and denatured the INX-6 channels
[20].
The N-terminus of connexin has an established role
in transjunctional voltage (Vj)- gating [42] and is
located in the pore cavity [7,8]. The pore plug in the
INX-6ΔN channels is similar to that found in the
Cx26M34A structure [6,8], where the N-terminus of
Cx26 would greatly contribute to the plug [7–9]. In the
present study, we used the N-terminal deleted
construct of INX-6 with 18 residues eliminated and
this channel showed no permeability in the dye
transfer assay (Fig. 5). An N-terminal deletion mutant
of ShakBL, an innexin protein found in Drosophila,
fails to induce conductance when paired homotypi-
cally, and induces much lower conductance when
paired heterotypically with functional ShakBL [43].
These are consistent with the works onCx37 showing
that the N-terminal deletion mutants are mostly
non-functional [44,45]. It is possible that the confor-
mations of all purified INX-6ΔNchannels are fixed in a
closed state by this truncation, which leads to the
better crystallinity. Unlike connexin, it is not yet known
if the N-terminal portion of innexin is located in the
pore cavity, but a preliminary model for Vj-dependent
rectification of innexins has been proposed, where the
N-terminus determines sensitivity toVj [43]. Given that
the INX-6ΔNchannels are purifiedwith theC-terminal
GFP-His tag, the C-terminal portion of INX-6 should
be exposed to the outside to interact with the affinity
resin. We generated alternative N-terminal or C-
terminal deletion mutants of INX-6, but none of the
constructs or the WT produced the quality of 2D
crystals necessary for crystallographic analysis
(Fig. 1b, data not shown). At this time, we cannot
conclusively determine what forms the plug and
bobble densities, or whether the intact N-terminal
portion of INX-6 contributes to the pore plug, as in
Cx26. A common aspect of the INX-6ΔN and
Cx26M34A structures is that the non-functional
channels or those with decreased activity show a
pore plug in each hemichannel. In this regard, it is
possible that the plug is artificially generated due to
the N-terminal deletion, and that intact INX-6 may not
require the plug for physiological function. Whether
plug closure represents a physiologically closed state
of gap junction channels, however, remains to be
elucidated based on more closed gap junction
structures.
We report a 3D reconstruction of invertebrate
innexin gap junction channels derived from INX-6ΔN
by electron crystallography at 10 Å resolution. We
conclude that a single INX-6 gap junction channel
comprises 16 subunits. Our analyses revealed
differences in the dimensions, oligomeric number,
and pore diameters between connexin and innexin
1234 Hexadecameric gap junction channel of C. elegans innexin-6gap junction channels. Single particle cryo-EM
analysis may be effective for obtaining a higher
resolution structure for future studies. The recent
progress regarding the resolution improvement with
a direct electron detector is remarkable. The channel
dimensions for INX-6 are rather large for membrane
proteins, and might thus be suitable for obtaining
enough contrast to determine the precise orientation
in single particle cryo-EM. Further improvements in
the resolution would provide additional insight into
the details of the gating mechanism of invertebrate
gap junction channels.
Materials and methods
Preparation of INX-6ΔN proteins
Eighteen of the N-terminal residues (residues 2
through 19; ASQVGAINSVNALISRVF) were deleted
from C. elegans INX-6 (termed INX-6ΔN). The INX-6
membrane topology is shown in Fig. S1. The
transmembrane domains were predicted using the
hydropathy analysis program TMHMM2.0 [46]. All the
INX-6 constructs used in this work were cloned into
pFastBac1 (Invitrogen). A GFP-His (GFP plus 8×-
histidine) tag was inserted following a thrombin
cleavage recognition sequence at the C-terminus of
the INX-6 constructs. Recombinant baculoviruses
were generated following the instructions for the
Bac-to-Bac system (Invitrogen). Isolation and purifi-
cation of the INX-6ΔN proteins were performed as
described previously [20] with minor modifications
[47]. In brief, Sf9 cells infected with the recombinant
virus were cultured at 27 °C and harvested after
infection for 30.5 h. The following processes were all
performed at 4 °C. The cells were subjected to
sonication in suspension buffer containing 10 mM
Tris (pH 7.5), 150 mMNaCl, and 1 mMphenylmethyl-
sulfonyl fluoride, and centrifuged at 22,100 g for
25 min. The collected membranes were solubilized
in buffer containing 10 mM Tris (pH 7.5), 150 mM
NaCl, and 2% n-dodecyl-β-D-maltopyranoside (Ana-
trace) at a protein concentration of 10 mg ml−1 for
30 min. After centrifugation to remove the unsolubi-
lized fractions, the supernatant was bound to Ni-ni-
trilotriacetic acid agarose (Qiagen). The protein bound
resinswerewashedwith buffer containing 10 mMTris
(pH 7.5), 150 mMNaCl, 10 mM L-histidine, and 0.1%
digitonin (Wako), and eluted with 300 mM L-histidine.
The GFP-His tag was digested with thrombin after
His-tag purification, and INX-6 proteins were loaded
onto a Superose 6 10/300 GL column (GE Health-
care), which was equilibrated in 10 mM Tris (pH 7.5),
150 mM NaCl, and 0.1% octyl glucose neopentyl
glycol (Anatrace). The fractions containing INX-6
proteins were collected and subjected to MALDI-TOF
analysis (TOWA ENVIRONMENT SCIENCE) to
confirm that the accuracy of the cleavage site. The
purified INX-6 proteins were stained with SimplyBlueSafeStain (Invitrogen) after electrophoresis and fur-
ther used for 2D crystallization.Two-dimensional crystallization of INX-6ΔN channels
The purified INX-6ΔN proteins were mixed with
1,2-dipentadecanoyl-sn-glycero-3-phosphocholine
(15:0; Avanti polar lipids) at a lipid-to-protein ratio of
0.25 ~ 0.5 (w/w). The mixture solution was dialyzed
against detergent-free solution containing 10 mM Tris
(pH 7.5), 500 mM NaCl, and 1 mM EDTA. The
temperature was maintained at 4 °C for 1 day, 37 °C
for 2 days, and 20 °C for 2 to 4 days. 2D crystals of
INX-6ΔN were collected and stored at 20 °C.Cryo-electron microscopy and image processing
The 2D crystal specimens were negatively stained
with 2% uranyl acetate and crystallinity was examined
on a JEOL 1010 operated at 100 kV prior to cryo-EM.
For cryo-EM, the specimens were frozen using the
carbon-sandwich method [21,22] with minor modifi-
cations. 2D crystal specimens were sandwiched
between two thin carbon films on a molybdenum
grid, and after blotting the excess solution for 30 s,
they were plunged into liquid ethane with Vitrobot
Mark IV (FEI). The frozen grids were transferred into a
JEOL JEM-3000SFF electron microscope at 300 kV
with a field emission gun and a liquid helium specimen
stage [48]. The specimens were tilted up to 45°, and
obtained at a temperature of 4 K on Kodak SO-163
film at a magnification of 40,000× with an electron
dose of 20 electrons Å−2. Images showing good
optical diffraction spots were then scanned with a
SCAI scanner (Zeiss) at a step size of 7 μm/pixel.
Digitized images were processed with the MRC 2D
crystal processing package [49] and corrected using
the contrast transfer function with square frequency
filtering [50] in combination with periodogram averag-
ing [51]. Non-crystallographic eight-fold rotational
symmetry was applied along the central channel
pore axis following amplitude sharpening with a
negative temperature B- factor [52] of −500 Å2. The
3D maps were visualized with the Pymol Molecular
Graphic System (Schrödinger) or UCSFChimera [53].Permeability assay with microinjection of dye
tracers
Sf9 cells in 35-mm glass bottom dishes were
infected with recombinant viruses. After infection for
48 h, a FemtoJet Microinjector (Eppendorf) was
used to inject the fluorescent tracer sulforhodamine
101 into cells that contained the gap junction plaque
signals. Recombinant virus carrying GFP alone was
used as a negative control. Dye transfer was
captured using a fluorescence microscope IX81
(Olympus) 1 min after injection. For the dominant
1235Hexadecameric gap junction channel of C. elegans innexin-6negative effect assay, the INX-6-WT-GFP and
INX-6ΔN viruses were co-infected into Sf9 cells.
One set was defined as 10 ~ 15 injected cells. “N″
indicates the number of sets.Author contributions
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